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We present a detailed investigation of the magnetic properties of the spin- 3
2
system Li2Co(WO4)2
by means of magnetic susceptibility and specific heat. Our experimental results show that in
Li2Co(WO4)2 a short-range antiferromagnetic (AFM) correlations appear near χmax ∼ 11 K and
two successive long-range AFM phase transitions are observed at TN1∼ 9 K and TN2∼ 7 K. The
frustration factor, |Θ|/TN1∼3, indicates that the system is moderately frustrated, which is iden-
tifiable by the broken triangular symmetry within both ab- and bc-planes for the triclinic crystal
structure. The magnetic isotherm at temperatures below TN2 shows a field-induced spin-flop tran-
sition, and a complete H-T phase diagram for the two-step AFM system is mapped. Ab initio
band structure calculations suggest that the strongest exchange coupling does not correspond to
the shortest Co-Co distance along the a-axis, but rather along the diagonal direction through a
Co-O-W-O-Co super-superexchange path within the bc-plane.
PACS numbers: 75.30.-m, 75.30.Et, 75.10.-b
I. INTRODUCTION
Although one-dimensional (1D) antiferromagnetic
(AFM) systems are not expected to show spin long-range
ordering (LRO) as a result of strong quantum fluctua-
tions, 3D AFM LRO has been observed in most quasi-
1D spin chain compounds because of the weak, but non-
zero interchain couplings. For gapped quasi-1D com-
pounds, such as PbNi2V2O8, SrNi2V2O8, TlCuCl3 and
Ni(C5H14N2)2N3(PF6), a strong magnetic field can de-
stroy the gap and lead to the formation of an AFM
ground state at low temperatures.1–4 Cobalt-based, low-
dimensional magnetic systems often demonstrate behav-
iors of spin-flop and field-induced order-disorder transi-
tions.5–10 The most fascinating characteristic of low di-
mensional systems is the observation of magnetization
plateaus at high field, i.e., magnetization could stabilize
at a fraction of the saturated magnetization in quantum
nature.11 Two-step successive magnetic phase transition
has been observed in 1D and 2D Co spin systems, such
as Pb3TeCo3V2O14 and Ba3CoNb2O9.
8,10 The common
feature found in these two compounds is the persistent
triangular symmetry of the Co spin network: either tri-
angular tubing or planes. The comparative study be-
tween Ba3CoNb2O9 and Ba3CoSb2O9 suggests that the
2D triangular-lattice antiferromagnets (TLAF) of uniax-
ial anisotropy exhibits a two-step magnetic phase tran-
sition, whereas a single transition takes place in systems
with easy-plane anisotropy.8,12
Li2Co(WO4)2 crystalizes in a triclinic crystal structure
of space group P 1¯, as shown in Fig. 1. The CoO6 octahe-
dra are corner-shared with pairs of the WO5 edge-shared
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FIG. 1: (color online)(a) Triclinic crystal structure of
Li2Co(WO4)2 shown with the CoO6 octahedra in blue and
the WO5 pyramidal pairs in grey. (b) Magnetic exchange in-
teractions (J1-J5) between the Co spins are shown, and the
corresponding Co-Co distances are summarized in Table I.
(c) Bond lengths in A˚ for the CoO6 octahedra and the WO5
pyramids.
pyramids, and Li ions are located in the interstitial sites.
The Co-Co distances and Co-W-Co angles are summa-
rized in Table I for the unit cell of Li2Co(WO4)2 shown
in Fig. 1(b). The CoO6 octahedron is slightly distorted
as indicated by the Co-O distances of 2.047 A˚, 2.099 A˚,
and 2.164 A˚. The WO5 pyramids are inverted within
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2each edge-sharing pair as shown in Fig. 1(c).
Recently, we found that Li2Co(WO4)2 also possesses a
two-step successive AFM transition similar to that of the
examples cited above. To better understand the origin
of this two-step successive magnetic transition, correla-
tions to crystal dimensionality, spin anisotropy, triangu-
lar symmetry breaking, and the role of Dzyaloshinskii-
Moriya interactions should all be carefully examined.
The triclinic crystal structure of Li2Co(WO4)2 provides
a rare opportunity to investigate the origin of successive
phase transitions found in the low dimensional cobaltate
system, where Co spins could be viewed as two quasi-
triangles along two crystal axes.
In this report, we present the investigation of the mag-
netic properties of Li2Co(WO4)2. Short-range AFM cor-
relations were found to result in the formation of the
broad peak of χmax(T) at T∼ 11 K, followed by a two-
step AFM-like magnetic transition at TN1∼ 9 K and
TN2∼ 7 K. A two-step field-induced spin-flop transition
was also observed in the magnetization isotherms below
TN2. Finally, we constructed a schematic phase diagram
based on the results of the magnetic and specific heat
measurements and found main exchange interaction pa-
rameters using band structure calculations.
II. EXPERIMENTAL DETAILS
Polycrystalline Li2Co(WO4)2 powder was prepared
by a conventional solid state reaction. Stoichiometric
amounts of high purity (>99.95%) CoO, Li2CO3, and
WO3 were mixed and ground homogeneously using a
mortar and pestle. The homogenized mixture of ox-
ides was heated at 550◦C for 24 hours in air. The
calcined powder sample was pressed into pellets and
heated up to 600◦C for 24 hours and then 650◦C for
160 hours in air with several intermediate grindings.
The phase purity and structure refinement were con-
firmed by powder diffraction using synchrotron X-rays
of λ = 0.619 A˚ (NSRRC, Taiwan) at room tempera-
ture. The Rietveld refinement of the SXRD pattern of the
sample could be indexed to a triclinic crystal structure
with the space group P1¯ without any impurity phase.
The refined lattice parameters of Li2Co(WO4)2 are a
= 4.90724(7) A˚, b = 5.61876(8) A˚, c = 5.86495(8) A˚,
α=70.720(1)◦, β=88.542(1)◦, and γ=115.479(1)◦, and V
= 135.110(3)A˚3, which are in good agreement with those
reported in the literature.13 These structural parameters
were used in the ab initio band structure calculations.
The dc magnetization was measured using a SQUID VSM
(Quantum Design, USA) under zero-field-cooled (ZFC)
and field-cooled (FC) conditions. The heat capacity was
measured using a standard relaxation method with a
PPMS (Quantum Design, USA).
III. CALCULATION DETAILS
The crystal structure data for the ab-initio band struc-
ture calculations were taken from the above mentioned
refinement results. The linearized muffin-tin orbitals
method (LMTO)14 was used in the calculations with
the von Barth-Hedin exchange correlation potential.15
The strong Coulomb interaction in the 3d-shell of the
Co2+ ions was taken into account within the LSDA+U
method.16 The on-site Coulomb repulsion, U , and the
intra-atomic Hund’s exchange parameter, JH , were cho-
sen to be U(Co)= 7 eV and JH(Co)= 0.9 eV.
10,17 We
used a mesh of 96 k-points in the full Brillouin zone dur-
ing the course of the calculations.
The exchange coupling integrals, J , were calculated for
the Heisenberg model written as
H =
∑
ij
Jij ~Si ~Sj , (1)
where the summation runs twice over each pair. We uti-
lized the Liechtenstein’s exchange interaction parameters
(LEIP) calculation procedure, where J is determined as
a second derivative of the energy with respect to a small
spin rotation.18 The spin-orbit coupling was not taken
into account.
The Co2+ ions form triangles along the ab and bc
planes, as shown in Fig. 1 (b). The Co-Co bond lengths
at room temperature for the Co quasi-equilateral trian-
gular unit within the ab-plane are 4.902 A˚, 5.650 A˚ and
5.618 A˚. Similarly, the Co triangular unit within the
bc plane has slightly longer Co-Co distances of 5.618 A˚,
5.865 A˚ and 6.648 A˚, as seen in Fig. 1(b). The other
Co-Co distances are much larger, thus the Heisenberg
exchange interaction integrals were only estimated for
the aforementioned bonds. For the calculations, we used
the AFM structure in which the magnetic moments for
the 4.902 A˚ and 5.618 A˚ Co-Co bonds were ordered an-
tiferromagnetically, whereas those for the 5.65 A˚ Co-Co
bond ferromagnetically. We also checked that the use of
other AFM configurations does not change the calcula-
tion results (i.e., the J values). Spins along the c-axis
were taken to be antiferromagnetically ordered.
IV. RESULTS AND DISCUSSION
A. Magnetic Susceptibility
Fig. 2 shows homogeneous spin susceptibilities χ(T)
as a function of temperature measured under an applied
magnetic field of 1 T for Li2Co(WO4)2. No hysteresis was
observed between the ZFC and FC measurement data.
The χ(T) shows Curie-like behavior at high tempera-
ture and reaches a rounded maximum at approximately
χmax ∼ 11 K, as shown in the inset of Fig. 2, which
indicates the characteristic behavior of short-range AFM
correlation for a low dimensional spin system. Moreover,
3FIG. 2: (color online) Temperature dependence of the mag-
netic susceptibility measured under an applied magnetic field
of 1 T. The left axis of the inset highlights the low temperature
regime and the right axis highlights the derivative, d(χT)/dT.
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FIG. 3: (color online) Field dependence of the magnetization
measured at different temperatures for Li2Co(WO4)2. The
inset shows the derivative the of magnetization with respect
to magnetic field.
small but sharp drops in the χ(T) at approximately 9
and 7 K can be identified more clearly by the d(χT)/dT
shown in the inset of Fig. 2, at TN1 ∼ 9 K and TN2∼ 7
K. The preliminary neutron powder diffraction measure-
ment results indicate that these phase transitions can
be attributed to paramagnetic(PM)-to-incommensurate
(IC) AFM long-range ordering (LRO) at TN2 ∼ 9 K and
incommensurate(IC)-to-commensurate (CM) AFM LRO
at TN1 ∼ 7 K.19
The χ(T) follows Curie-Weiss behavior well above 130
K, and the Curie-Weiss law fitting of χ = χ◦+C/(T −Θ)
indicates a Curie constant of C= 3.48 cm3 K/mol and
Curie-Weiss constant of Θ = -27 K. The negative value
of Θ suggests that the effective exchange interactions be-
tween Co2+ ions are AFM. The effective magnetic mo-
ment (µeff ) was calculated to be ∼ 5.27 µB , which is
much larger than the expected S=3/2 spin-only value
of ∼ 3.87 µB for Co2+ (3d7 configuration in high spin
state). The high value of the effective magnetic mo-
ment suggests the unquenched spin-orbit coupling for the
high spin state of Co2+. The obtained µeff ∼ 5.2 µB is
similar to those reported for several other Co2+-based
compounds.20–22 The obtained g value derived from the
Curie-Weiss constant is 2.72.
The spin frustration ratio, f = | Θ |/TN1, was found
to be ∼ 3, which is indicative of moderate frustration
taking place in the present system. Moderate frustra-
tion (f ∼ 2.8) has been observed in Pb3TeCo3V2O14,
which is characterized by a similar spin lattice topology
in addition to the resembling two-step successive AFM
transition.10 Based on the quasi-equilateral triangular
symmetry of the Co sublattices within both ab- and bc-
planes (see Fig. 1(b)), it is reasonable to expect a moder-
ate frustration among the Co spins if Ising-like anisotropy
is considered on either plane.
Fig. 3 shows the magnetization as a function of applied
magnetic field measured at different temperatures. The
M(H) curves show nonlinear behavior with the applied
magnetic field. At temperatures below TN2, an abrupt
change of slope in the magnetization is observed above
certain critical magnetic fields (shown in inset of Fig.
3). Interestingly, a two-step behavior is observed in the
magnetization isotherms below TN2, which is strongly
evidenced by the dM/dH derivative shown in the inset.
The change of dM/dH slope could be attributed to the
field-induced magnetic phase transition, or the spin-flop
reorientation. Based on the slope increase of M(H) above
the critical fields, the first transition can be attributed
to a spin-flop transition in which the magnetic field over-
comes the spin anisotropy and the AFM spins flop. Judg-
ing from the M(H) slope decrease in the second step for
M(H) below TN2 and the first step for M(H) above TN2,
the field-induced transition cannot be assigned to a spin-
flop transition. No hysteresis or remnant magnetization
is observed in zero field. Because it is difficult to deter-
mine the easy axis in the AFM state using polycrystalline
samples, and the magnetization does not saturate up to
7 T, high field experiments on a single crystal sample
are necessary for the detailed analysis, especially for the
second step observed in M(H).
To further clarify the field-induced transition, we have
performed magnetic susceptibility measurements in dif-
ferent applied magnetic fields (H). Fig. 4 shows the tem-
perature dependence of the magnetization under differ-
4FIG. 4: (color online) Temperature dependence of the mag-
netic susceptibility at various applied magnetic fields with
d(χT)/dT shown in the inset.
ent fields, and derivative d(χT)/dT is presented in the
inset. With increasing field, χmax shifts to lower tem-
peratures. In addition, both TN2 and TN1 shift to lower
temperatures (inset of Fig. 4) at higher fields, although
the peaks in d(χT)/dT become significantly broader at
high fields. The decrease of TN2 and TN1 is expected for
a 3D TLAF with easy-axis anisotropy, when both inter-
layer and intralayer AFM exchange interactions are of the
same order of magnitude.23,24 Recently, similar behav-
ior has also been observed in Ba3CoNb2O9.
8 However,
both TN1 and TN2 increase with increasing magnetic
field when H ⊥ c in CsNiCl3, where the AFM interlayer
exchange interaction is much larger than the intralayer
magnetic coupling.25 It is clear that the magnetic field is
effective for lifting the degeneracy of the spin structure
with a frustrated triangular geometry. The Li2Co(WO4)2
with triclinic crystal symmetry possesses a Co spin lat-
tice with a quasi-equilateral triangular geometry, which
could explain the reason why the onset of the AFM is so
sensitive to the applied field.
B. Specific Heat
Fig. 5 shows the specific heat, CP , as a function of tem-
perature in zero field, where two anomalies are observed
at TN1 ∼ 7.2 K and TN2 ∼ 9.5 K. These results provide
strong evidence that the two successive phase transitions
are both of 3D LRO and are consistent with the AFM na-
FIG. 5: (color online) Specific heat as a function of tempera-
ture (left, y-axis), and magnetic entropy, Sm, versus T (right,
y-axis).
ture inferred from the spin susceptibility measurements.
The CP (T) data are fitted using CP /T =α + βT
2 above
15 K to estimate the lattice and spin contributions,
which yields α = 0.127 J mol−1K−2 and β=2.84x10−4J
mol−1K−4. Because Li2Co(WO4)2 is an insulator, α is
assumed to originate from magnetic contributions only.
The magnetic specific heat (Cm) is obtained after sub-
tracting the lattice contribution (βT3) from the total CP .
Cm is found to follow a linear dependence of T
3 below
TN2, which is indicative of AFM magnon excitations in
the ordered state.26 The magnetic entropy (Sm) is esti-
mated through integrating Cm/T as a function of tem-
perature, as shown in Fig. 5. The Sm increases with
increasing temperature and saturates to 10.45 J/mol K
above ∼52 K, which suggests the measured saturated en-
tropy is approximately 91% of the calculated value of the
total spin entropy of Rln(2S+1)= 11.53 J/mol K (R =
8.314 J/K mol) for spin =3/2. However, the entropy gain
at TN1 is only ∼1/3 of the total spin entropy for spin
3/2, which suggests that Li2Co(WO4)2 could be charac-
terized as a quasi low dimensional spin system, i.e., the
remaining spin entropy has to be gradually acquired by
the short-range magnetic correlation in a wide range of
temperatures above TN1.
CP measurements in different applied fields have been
performed and are shown in Fig. 6. With increasing H,
both TN1 and TN2 peaks shift toward lower tempera-
tures. In addition, the amplitude of the peaks also de-
creases with increasing H. These results are consistent
with the common features of AFM magnetic systems.
Although the TN1 peak becomes dramatically rounded
with increasing H above ∼4 T, the TN2 peaks are not
completely suppressed up to 70 kOe, and no significant
broadening occurs except for the 1/2 to 1/3 intensity
reduction. The broadening of TN1 under high fields sug-
gests that the magnetic field could suppress the inter-
5FIG. 6: (color online) CP versus T for different external mag-
netic fields.
plane coupling for the original 3D LRO through moder-
ate frustration, which has also been reflected in the mag-
netic susceptibilities shown in Fig. 4. From this point of
view, the TN1 peak broadening in the field (above TN2)
could be attributed to a moderate field-induced order-
disorder transition. This result was also reflected in the
∼1/3 spin entropy gain at TN1 (see Fig. 5), similar to
that obtained in the quasi-1D system of BaCo2V2O8.
5
However, the persistently sharp character of TN2 in high
fields suggests that LRO exists below TN2, although it is
suppressed at a lower onset.
C. Ab initio calculations
In the LDA+U calculations, Li2Co(WO4)2 was found
to be an insulator with an energy gap of Eg ∼ 3.5 eV. The
electronic density of states (DOS) are shown in Fig. 7.
The top of the valence band is formed by the Co-3d and
O-2p states, whereas the bottom of the conduction band
mostly has Co-3d character. The width of the valence
band is quite large, ∼ 6 eV. The local magnetic moments
on the Co2+ were found to be 2.75 µB , which are in
agreement with 3d7 high spin configuration.
The calculated exchange coupling parameters for
Li2Co(WO4)2 are presented in Table I. We estimated the
Curie-Weiss temperature as Θ = 23
∑
i JiS(S+ 1), where
S = 32 for the spin moment of the Co
2+ ion, and found
that Θ = −24.8 K. This value is in good agreement with
the experimental estimation of Θ = −27 K given above,
FIG. 7: (color online) The total densities of Co-d and O-p
states in Li2Co(WO4)2. The Fermi energy is in zero.
which shows that the results of the calculations are reli-
able.
Based on the coupling constants estimated above, the
largest constant (J5) is approximately twice as larger as
J3. Hence the system could be considered a set of coupled
spin chains, running along the J5 direction as shown in
Fig. 1(b) and Table I. Two substantial exchange integrals,
J3 and J5, correspond to Co-Co distances of 5.650 A˚ and
6.648 A˚, respectively. It is interesting to find that the
strongest exchange coupling, J5, does not correspond to
the shortest Co-Co bond lengths, but rather the longest
among Ji, and the largest bond angle between Co-W-Co.
Each CoO6 octahedron in Li2Co(WO4)2 at room tem-
perature is slightly elongated along one of the directions,
as shown in Fig. 1(c). This removes the degeneracy in the
t2g shell and one of the t2g orbitals (xy in the local coor-
dinate system, where z corresponds to the longest Co-O
bond) goes higher in energy. As a result, the xy, 3z2−r2
and x2−y2 orbitals are half-filled and magnetically active
for the Co2+ ions in the HS configuration.
The analysis of the partial contributions shows that the
largest contribution to J5 arises from the overlap between
3z2− r2 orbitals centered on different sites. Structurally,
it is clearly seen that this result may be attributed to the
super-superexchange interaction via p-orbitals of O in the
WO4 group, as shown in Fig. 8(a). The second strongest
exchange integral, J3, belongs to the Co triangular plane
that results from the overlap of the x2−y2 orbitals of Co
with the p-orbitals of O via the WO4 group, as shown in
Fig. 8(b).
According to the Goodenough-Kanamori-Andersen
rules (GKA-rules), both of these exchange constants (J3
and J5) should be AFM,
27,28 the strong AFM exchange
interaction is expected when the partially filled d orbitals
overlap with a non-magnetic ion angle of 180◦, whereas
weak ferromagnetic interaction is exhibited when the an-
6TABLE I: Super-superexchange paths J1, J2, J3, J4 and J5, and their geometrical parameters.
Exchange parameters Distances A˚ Co-W-Co angle (deg) Bond Angles (deg) Torsion angle (deg)
Co-Co Co-O O...O O-Co Co-O...O O...O-Co Co-O...O-Co
J1=0.77 K, AFM 4.907 2.187 2.663 2.089 85.01 88.53 135.11 93.72
J2=0.44 K, AFM 5.618 2.189 2.929 2.085 103.24 100.52 165.39 31.75
J3=1.44 K, AFM 5.650 2.084 2.737 2.089 101.17 114.048 155.03 41.54
J4=0.55 K, AFM 5.865 2.085 2.823 2.188 106.40 144.95 126.44 11.94
J5=3.0 K, AFM 6.648 2.189 2.383 2.189 127.70 158.16 158.16 180
FIG. 8: (color online) The schematic representation of the
exchange paths for the largest exchange integrals with the
Co–Co bond lengths 6.648A˚ and 5.650A˚.
gle is close to 90◦. The other exchange constants are
much smaller because the CoO6 octahedra are isolated
from each other by the Li and W ions. Even for the short-
est Co-Co bond, 4.90 A˚, it is difficult to find a possible
exchange paths with the large overlap of Co-3d orbitals
centered on different sites.
Upon examining the copper oxide compounds with a
super-superexchange interaction route, Koo et al. pro-
posed that the super-superexchange strength of M-O...O-
M increases with increasing bond angle of M-O...O and
decreases with O...O distance.29 In particular, the super-
superexchange interaction is non-negligible only when
the O...O distance is close to or shorter than the van
der Waals distance (2.8A˚), and the M-O...O angles are
near 160◦.30 The bond lengths and bond angles are
summarized in Table I. From Table I, we can conclude
that J5 should be the largest because of the shortest
O...O (2.383A˚) distance and the largest Co-O..O an-
gle of 158.16◦. Generally, the super-superexchange via
several O ions is often found to be a strong exchange
interaction.10,30 The second largest exchange interaction
is expected to be J3, because of the intermediate O...O
distance and Co-O...O and O...O-Co bond angles. J2
and J4 could be the weakest because the O...O distances
are slightly larger than the van der Waals distance of
2.8A˚. These findings based on bond length and bond an-
0 2 4 6 8 1 0 1 2 1 40
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FIG. 9: (color online)Phase diagram constructed from sus-
ceptibility (open symbol), M vs H (star symbols), and spe-
cific heat measurements (closed symbol). The Solid lines are
power law fitting and the dashed lines are guides for the eye.
gle alone are in good agreement with those obtained from
our theoretical calculations shown above.
D. Phase Diagram
Since the slope of M(H) isotherms below TN2 increases
with field, and the CP peaks at TN2 remain sharp to in-
dicate a persistent LRO, the first slope change of M(H)
for temperatures below TN2 (see Fig. 3) must result
from a spin-flop transition. A spin-flop transition occurs
when the applied field is high enough to overcome the
on-site spin anisotropy, but the AFM LRO is preserved
after all spin are flopped perpendicular to the field direc-
tion. However, as seen in Fig. 3, there exists a second
slope change for the M(H) below TN2, which cannot be
attributed to an additional spin flop transition due to
smaller slope, thus a canted ferromagnetic phase transi-
tion is possible.
Figure. 9 shows the H-T phase diagram, constructed
from the χ(H,T), M(H,T) and CP (H,T) measurement re-
sults, up to 7 T of the VSM field limit. Both spin-flop
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FIG. 10: (color online) The crystal structure along the ab
plane for (a) Ba3CoNb2O9 and (b) Pb3TeCo3V2O14. (c) ab-
plane and (d) bc planes of Li2Co(WO4)2. All Ji coupling
constants are defined following References8,10 and Fig. 1.
(SF) and field-induced transitions (FIT) are identified
from the M(H) isotherms through their derivatives. It is
not expected for one AFM ordering to have two consec-
utive spin-flop transitions along one axis through single
anisotropy gain. Furthermore, the second slope below
TN2 is smaller, which goes against the definition of spin-
flop transition. However, it is likely that the second slope
change for M(H) below TN2 indicates an onset of a canted
ferromagnetic transition from the AFM phase after all of
the spins are flopped.
Using the TN (H) values obtained from the CP (T) data
at various fields, the critical field Hc, and exponent β can
be calculated through a power low fitting of H/Hc=(1-
T/Tc)
β . This yields Hc =15.3 T for TN2, Hc=15.1 T for
TN1, and β=1/3 as expected from the mean field the-
ory prediction. Between TN2<T<TN1, a single spin-flop
transition is identified, which could be attributed to the
spin-flop transition of an AFM phase below TN1. Prelim-
inary neutron diffraction studies indicate that the AFM
phase below TN1 is an incommensurate AFM phase, and
the AFM phase below TN2 is commensurate, the details
of which will be reported elsewhere.19
It is worthwhile to compare the H-T phase dia-
grams of Li2Co(WO4)2 with two other cobaltate systems,
Ba3CoNb2O9 and Pb3TeCo3V2O14, which exhibit simi-
lar two-step AFM transitions.8,10 The quasi-equilateral
triangular arrangements of Co ions in Li2Co(WO4)2,
Ba3CoNb2O9, and Pb3TeCo3V2O14 are depicted in Fig.
10. The spin structure of Ba3CoNb2O9 can be extracted
from the layers of Co spins within the CoO6 octahedra in
triangular lattice, and the weak interlayer coupling is ob-
tained through the double corner-sharing NbO6 layers.
An easy-axis anisotropy and two-step AFM transition
(near TN1 = 1.39 and TN2 = 1.13 K) in Ba3CoNb2O9
was identified, which strongly suggests that the trian-
gular geometric frustration is lifted via possible mag-
netophonon coupling, as revealed by the 3D LRO of
AFM in steps. The structure of Pb3TeCo3V2O14 con-
sists of quasi-1D structure in which CoO6 octahedra
form a unique triangular tubing along the c-direction
with the two-step AFM transitions found near TN1 =
9 K and TN2 = 6 K. It is noted that the CoO6 trimer
within each triangular tubing is coupled through a super-
superexchange route via corner-sharing with the TeO6
octahedra along the c-direction, and these CoO6 trimers
within the ab-plane also form a superlattice of triangu-
lar lattices. The stronger intra-chain coupling could lead
to the first incommensurate AFM ordering at TN1 that
eventually orders as a commensurate AFM below TN2.
Although Li2Co(WO4)2 does not possess a perfect trian-
gular symmetry compared to the other two cobaltates,
the triclinic symmetry of the Co spins can be simplified
as two quasi-equilateral triangles of J1 − J2 − J3 within
the ab-plane and J2−J4−J5 within the bc-plane, as illus-
trated in Fig. 1, with the Co-Co distances summarized in
Table II. The unique coordination between CoO6 bridged
with WO4 pairs could also compete with the two nearly
orthogonal (β=91.46◦) quasi-triangles. We believe that
the common character of the nearly identical two-step
AFM transitions found in these three samples may be at-
tributed to the magnetophonon coupling of the bridging
polyhedra, which preferably lifts the moderate geometric
frustration of the triangular Co spins.
V. CONCLUSION
In summary, Li2Co(WO4)2 exhibits a two-step suc-
cessive three-dimensional antiferromagnetic transition at
TN1 ∼ 9 K and TN2 ∼ 7 K. The data collected in χ(H,T),
M(H,T) and CP (H,T) measurements were used to estab-
lish the magnetic phase diagram of Li2Co(WO4)2. This
diagram was compared with that of two other cobaltate
systems, Ba3CoNb2O9 and Pb3Co3TeAs2O14 with tri-
angular motif of the crystal structure, in which similar
two-step AFM transition was found. The spin frustra-
tion ratio, f = |Θ|/TN ∼ 3, indicates that the system
is moderately frustrated, which could break the triangu-
lar symmetry in both ab- and bc-planes for Co spins in
the unique triclinic crystal structure. The analysis of the
results of the LDA+U calculations allowed to find the
strongest exchange interactions, which is between fifth
nearest neighbors. This is the super-superexchange cou-
pling via two oxygen ions, which results in the forma-
tion of AFM chains forming triangular network. Simi-
lar long-range exchange interactions were found in other
Co2+ based systems having two-step AFM transitions:
Ba3CoNb2O9 and Pb3Co3TeAs2O14.
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